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In a multi-electron atom, an excited electron can decay by emitting a photon. Typically, the
leftover electrons are in their ground state. In a radiative Auger process, the leftover electrons
are in an excited state and a red-shifted photon is created1–3. In a quantum dot, radiative Auger
is predicted for charged excitons4. For a singly-charged trion, a photon is created on electron-
hole recombination, leaving behind a single electron. Radiative Auger determines the quantisation
energies of this single electron, information which is otherwise difficult to acquire. For this reason,
radiative Auger is a powerful tool. However, radiative Auger has not been observed on single
quantum dots. Here, we report radiative Auger on trions in single quantum dots. There are
sharp red-shifted emission lines with intensities as high as 1% of the main emission enabling the
single-electron quantisation energies to be measured with high precision. Going beyond the original
proposals, we show how quantum optics – an analysis of the photon correlations – gives access to
the single-electron dynamics, notably relaxation and tunneling. All these properties of radiative
Auger can be exploited on other semiconductor nanostructures and colour centres.
In an atom or a semiconductor, an excited electron can
relax by the emission of a photon. The excited electron
can also relax nonradiatively by the excitation of another
electron – an Auger process5,6.
As originally pointed out by Felix Bloch, an Auger
process can also take place together with a radiative
transition3. In such a radiative Auger process, only part
of the energy is transferred to another electron. The re-
maining energy goes to an emitted photon, which is corre-
spondingly red-shifted. The radiative Auger process has
been observed in X-ray spectra1,2. The so-called electron
shake-off, which follows the beta-decay of a radioactive
atom, has a similar physical origin7,8.
Nonradiative Auger processes involving continuum
states have been observed in quantum dots9, two-
dimensional materials10, color centers11, and are a ma-
jor factor in determining the efficiency of semiconductor
lasers12. At optical frequencies, Bloch’s radiative Auger
process has been described as a so-called shake-up pro-
cess in the Fermi-sea13–15, a many-particle effect. In an
atom-like configuration, the radiative Auger process has
not been observed – neither in a few-electron configu-
ration nor in the limit of a single-photon emitter. The
prospect of applying quantum optics techniques to deter-
mine the dynamics of the electron following a radiative
Auger process has not been considered so far.
Here, we measure the radiative Auger process at opti-
cal frequencies for the minimum number of two excited
electrons. We observe the radiative Auger process for a
negative trion (an exciton consisting of two electrons and
one hole), which is confined to a zero-dimensional quan-
tum dot (QD)4. Quantum optics techniques are used to
prove that the strong fluorescence and the weak radiative
Auger emission come from the same QD, and that the QD
emits a photon either at the resonance frequency or at
the radiative Auger frequency: the two colours cannot be
created simultaneously and there is no time-ordering.
The radiative Auger process promotes the additional
(Auger) electron to a higher shell of the QD. No con-
tinuum states are involved. The emitted photon is red-
shifted by the energy which is transferred to the Auger
electron. We show here that the radiative Auger effect is
a powerful probe for single electrons: the energy separa-
tions between the resonance fluorescence and the radia-
tive Auger emission directly measure the single-particle
energies of the QD with a very high precision. In semi-
conductors, these single-particle energies are otherwise
hard to access by optical means since particles are gen-
erally excited in pairs, as excitons. After the radiative
Auger excitation, the Auger carrier relaxes back to the
lowest shell of the confinement potential. With a quan-
tum optics-based correlation measurement, we determine
the rate corresponding to this single-particle relaxation in
the absence of any other particles. Also this is typically
hard to achieve by optical means: even for quasi-resonant
p-shell excitation, electron relaxation takes place in the
presence of a hole, which changes the relaxation dynam-
ics.
We observe the radiative Auger process on two differ-
ent systems: first, a self-assembled InGaAs QD in GaAs
grown in the Stranski-Krastanov mode4 and second, a
GaAs QD in AlGaAs grown by infilling of droplet-etched
nano-holes16. This system-independence strongly sug-
gests that radiative Auger has general applicability: it
allows precise, sensitive and fast optical techniques to
determine the energies and dynamics of single electrons
in semiconductor nanostructures.
We resonantly excite the negative trion (X1−) of a
QD with a narrow-bandwidth laser. In both QD sys-
tems, the charge state of the QD is precisely controlled
via Coulomb blockade17. We collect the emission of the
QD and resolve it spectrally, as schematically shown in
Fig. 1(a). Shown in Fig. 1(b) is the result of such a mea-
surement for an InGaAs QD. The main peak at photon
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2FIG. 1. Observation of a radiative Auger process on a single quantum dot. (a) Schematic of the experimental
setup: the quantum dot (QD) is resonantly excited with a narrow-bandwidth laser, and its emission is spectrally resolved.
(b) Emission spectrum of the negative trion (X1−) in an InGaAs QD under resonant excitation (T = 4.2 K). The strong
peak at E ' 1.321 eV is the resonance fluorescence, which is surrounded by a broad LA-phonon sideband. Red-shifted by
~ω0 ∼ 17 meV there are two additional emission lines, stemming from the radiative Auger process. The QD can be tuned in
and out of the resonance with the laser by exploiting the dc Stark effect via a gate voltage, Vg. The radiative Auger emission
only appears when the QD is in resonance with the laser. (c) Mechanism of the radiative Auger process: with a probability
close to one, the trion recombination results in an emission of a resonant photon and leaves the remaining electron in the ground
state (s-shell). With small probabilities |1|2 and |2|2, the remaining electron is promoted into one of the p-shells, and the
photon is consequently red-shifted. (d) Setup for the cross-correlation between the radiative Auger emission and the resonance
fluorescence. The delay τ corresponds to the duration between the arrival of a resonant photon on detector 2 after the detection
of an Auger photon on detector 1. (e) Cross-correlation measurement between the radiative Auger emission and the resonance
fluorescence. The strong anti-bunching at zero time-delay proves that both emission lines originate from the same emitter.
energy ∼ 1.321 eV is the resonance fluorescence of the
trion. This spectrally narrow emission is accompanied
by an LA-phonon sideband on the red side18–20. The
crucial observation we report here is the appearance of
two weak emission lines, red-shifted by ∼ 17 meV from
the main fluorescence peak. We show that these emission
lines originate from a radiative Auger process, which is
illustrated in Fig. 1(c): an electron and a hole recombine
optically and with a small probability, the second elec-
tron is promoted to an excited state, the p-shell of the
QD. In the case of resonance fluorescence, in contrast,
the optical recombination of the trion leaves behind a
single electron in the ground state (s-shell of the QD).
In the following, we prove that the red-shifted lines
arise from a radiative Auger process. The evidence in the
experiment is compelling based on a number of factors.
First, the Auger lines disappear on removing the addi-
tional electron – they are absent in the emission spectrum
of the neutral exciton, X0 (Supplement). Secondly, the
red-shifted emission lines only appear when the laser is
in resonance with the QD (Fig. 1(b)). Thirdly, the time-
resolved cross-correlation between the radiative Auger
emission and the resonance fluorescence (Fig. 1(d,e))
shows a pronounced anti-bunching at zero time-delay.
This quantum optics measurement proves that there is
just one emitter, and that the emitter produces either a
resonance-fluorescence photon or a radiative-Auger pho-
ton, but never two photons at the same time. Finally,
to prove that the radiative Auger process leaves an elec-
tron in a higher shell, we measure the optical emission
as a function of the magnetic field (Faraday geometry).
The magnetic field creates an additional orbital confine-
ment, which leads to a strong magnetic field dependence
of higher QD-shells21–23. Therefore, also the radiative
Auger emission should have a strong magnetic field de-
pendence. This is exactly what we observe. The mag-
netic field dispersion of the radiative Auger emission is
shown in Fig. 2(a,b) for an InGaAs QD and in Fig. 2(c,d)
3FIG. 2. Magnetic field disperion of the resonant Auger emission. (a) Emission spectrum under resonant excitation as
a function of the magnetic field measured on an InGaAs quantum dot (QD). The two green lines correspond to the radiative
Auger emission where one electron is promoted into the p-shells. This emission follows a dispersion of ∼ ± 1
2
~ωc (green lines)
with m∗ ' 0.071 me (~ω0 ' 17.7 meV, further parameters in the Supplement). (b) Magnetic field dispersion of the radiative
Auger emission. The emission lines above the s-shell can be well described by the Fock-Darwin spectrum. The red lines
represent a fit of our analytical model of the radiative Auger emission (see Supplement). (c) Radiative Auger emission as a
function of the magnetic field measured on a GaAs QD (m∗ ' 0.076 me, ~ω0 ' 13.8 meV). (d) Magnetic field dispersion of the
radiative Auger emission for the GaAs QD. (e) Schematics of the radiative Auger process involving both p- and d-shells. (f)
Optical recombination involving the creation of an LO- or a TO-phonon. We note that this process is observed for the trion
and the neutral exciton (see Supplement). (g) Schematics of the radiative Auger process involving both carrier excitation to
the p-shell and the creation of a phonon.
for a GaAs QD. At high magnetic fields, the two red-
shifted emission lines, which are the closest in photon
energy to the resonance-fluorescence, have a dispersion of
± 12~ωc (cyclotron frequency: ωc = eBm∗ , electron effective
mass m∗). This strong magnetic field dispersion shows
that the emission is connected to an energy transfer to
the p-shells.
In this measurement, the separation between resonance
fluorescence and radiative Auger emission corresponds to
the single-particle energies. The radiative Auger lines,
therefore, allow the single-particle spectrum of a quan-
tum dot to be determined with very high precision. At
zero magnetic field (B = 0 T), there is a splitting be-
tween the two p-shell-related Auger lines, revealing an
asymmetry of the QD. This asymmetry lifts the four-
fold degeneracy of the p-shells into two doublets at zero
magnetic field. For both types of QDs, we also observe
radiative Auger emission involving d-shells (Fig. 2(e)).
At high magnetic fields, the upper p-shell (p−) shows an
anti-crossing with the lowest d-shell (d+). For the GaAs
QD, we even observe radiative Auger emission lines in-
volving all three d-shells. For the InGaAs QD, the d+-
shell is only visible in the radiative Auger emission when
it is coupled to the p−-shell. For both types of QDs, the
dispersion of the emission lines is quite well described by
the Fock-Darwin spectrum. This shows that the confine-
ment potential is close to harmonic.
For a rotationally symmetric confinement potential,
angular momentum is a good quantum number such that
promotion of the Auger electron to the d0 shell is possible,
but promotion to the other p- and d shells is forbidden.
In practice, we find that the radiative Auger involving
the p-shells is relatively strong and that the intensity of
these processes is not strongly dependent on the mag-
netic field. This shows that angular momentum is not
a good quantum number in practice. However, in the
4FIG. 3. Time-resolved correlation measurements. (a) Schematic of the measurement to determine the auto-correlation
of the resonance fluorescence from a quantum dot (QD). The signal is split by a 50:50 beamsplitter; photon arrival times
are recorded on two single-photon detectors (g(2)-measurement). (b) Schematic of the cross-correlation measurement between
resonance fluorescence and radiative Auger emission. The Auger emission is spectrally filtered to remove all resonant photons.
(c) Cross-correlation between the resonance fluorescence and the radiative Auger emission (green). An auto-correlation of
the resonance fluorescence (blue) is shown for comparison. A time offset of τp ∼ 85 ps between the auto-correlation and the
cross-correlation is a measure of the relaxation time of a single electron from the p- to the s-shell. (d) Mechanism: after the
radiative Auger excitation, the second electron occupies the p-shell of the QD. When the electron occupies the p- rather than
the s-shell, the Coulomb interactions are different, turning the s-to-s transition out of resonance with the laser. The QD cannot
be re-excited until the electron has relaxed to the s-shell. There are two relaxation channels: a direct relaxation to the s-shell
on a time scale τp; and ionization of the QD by tunneling from the p-shell to the Fermi-reservoir of the back gate (τout) followed
by slower tunneling from the Fermi reservoir to the s-shell (τin). After relaxation, the QD can be re-excited by the laser. (e)
Schematic of the auto-correlation measurement of the radiative Auger emission. The radiative Auger signal is split and sent
to two single-photon detectors. (f) Auto-correlation of the radiative Auger process involving the lower energy p-shell (green).
The solid black line is a model where all parameters are identical to the simulation of the cross-correlation (see Supplement).
The Rabi-frequency is higher compared to the cross-correlation measurement.
experiment all the processes are spin-conserving: we do
not observe for instance Zeeman splittings in the radia-
tive Auger lines. This shows that spin is a good quantum
number; equivalently, that spin-orbit interactions of the
electron states are weak.
There are several additional red-shifted emission lines
that are not related to electron shells or continuum states
(see Fig. 2(a,b)): An emission red-shifted by ∼ 36 meV
corresponds to an optical recombination along with the
creation of an LO-phonon (Fig. 2(f)). The magnetic field
dispersion is weak and follows the QD s-shell – no higher
QD-shells are involved. At lower photon energies, even
the LO-phonon resonance of the radiative Auger emis-
sion is visible (Fig. 2(g)). In this case, Auger carrier
excitation into p-shells and LO-phonon creation occur si-
multaneously with the optical recombination. The iden-
tification of these lines is confirmed by the magnetic field
dispersion which equals the dispersion of the radiative
Auger emission (see Fig. 2(b)).
We turn to the dynamics of the radiative Auger pro-
cess, i.e. the dynamics of the electron left in an excited
state following a radiative Auger process. Detecting
a photon from a radiative Auger process projects the
Auger electron into one of the excited electron states.
The dynamics of this single electron can be investigated
by determining the time of subsequent emission events.
The experiment involves measuring the g(2)(τ) correla-
tion function with high precision in the delay τ . We com-
pare the auto-correlation of the resonance fluorescence
(Fig. 3(a)) to the cross-correlation between the radia-
5tive Auger emission and the resonance fluorescence (Fig.
3(b)). This comparison provides immediate insight into
the carrier relaxation mechanism following the radiative
Auger process. The corresponding g(2)-measurements are
shown in Fig. 3(c).
The auto-correlation (blue curve) shows an anti-
bunching at zero time delay, proving the single-photon
nature of the resonance fluorescence. The anti-bunching
at zero delay is surrounded by a bunching at a non-zero
time delay. This effect is caused by the onset of Rabi-
oscillations under strong resonant driving. The cross-
correlation (green curve) differs from the auto-correlation
in two main respects: The g(2)(τ) is a slightly asymmet-
ric function of τ and has a time-offset towards positive
τ . We explain these features following Fig. 3(d): Af-
ter the emission of a radiative Auger photon, the second
electron is located in a higher shell. Before re-excitation
of the trion can take place, this electron has to relax
down to the s-shell – in contrast to the resonance fluo-
rescence where re-excitation is immediately possible. By
comparing auto- and cross-correlation, we determine the
relaxation time for an isolated electron to be τp ' 85 ps.
The time-scale of the electron relaxation is comparable to
numbers reported for weak nonresonant excitation24,25.
The relaxation might be caused by a multi-phonon emis-
sion process26. We stress the advantage of the present
method: the radiative Auger process leaves a single elec-
tron in a higher shell; the hole has disappeared; the
chance of creating electrons or holes in continuum states
is extremely small.
The asymmetry of the cross-correlation measurement
can be explained by ionization of the QD following the
radiative Auger emission. In a higher shell, the electron
has an enhanced tunneling rate out of the QD27. Fol-
lowing very fast relaxation down to the Fermi-energy,
tunneling back into the s-shell of the QD takes about
10 times longer, and the QD is ionized for a finite time.
We estimate the corresponding tunneling times by mod-
eling the auto- and cross-correlation measurements (see
Supplement).
Finally, we perform the first auto-correlation measure-
ment of the radiative Auger emission itself. For this
measurement, all the resonance fluorescence is filtered
out (Fig. 3(e)). To maximize the count rate of the
weak radiative Auger emission, we use a higher Rabi-
frequency compared to the cross-correlation measure-
ment (ΩR = 5.4 GHz). The auto-correlation measure-
ment is shown in Fig. 3(f). At zero time delay, there
is a clear anti-bunching in the g(2)-measurement, which
proves the single-photon nature of the emission connected
to the radiative Auger process. At non-zero time-delay,
the onset of Rabi-oscillations in the s-to-s transition is
visible as a photon bunching of the radiative Auger emis-
sion. Both features are well described by our model (see
Supplement).
To explain the radiative Auger process, the Coulomb
interactions between the carriers forming the trion must
be considered. The radiative Auger process takes place
because these interactions change the eigenfunctions
of the system (see Supplement). In a single-particle
basis, the initial state contains admixtures of Slater-
determinants of higher single-particle shells. The optical
recombination removes an electron-hole pair from the ini-
tial trion state, leading to a final state which is a super-
position of single-electron single-particle states. Every
state in that superposition consists of an electron in a
particular shell along with a photon of a certain energy.
Since the initial state is always the same, the energy sep-
arations between the different emission lines correspond
to precise single-particle splittings. The ratio of radia-
tive Auger emission and resonance fluorescence reflects
the expansion of the trion state in single-particle states.
Compared to the resonance fluorescence, the radiative
Auger emission is weaker by about 2–3 orders of magni-
tude. The trion wavefunctions are close, yet not equal
to, single-particle states.
In conclusion, we experimentally demonstrate that
there is a radiative Auger process connected to the opti-
cal recombination of a trion in a single QD. The measure-
ments are performed on two different types of semicon-
ductor QDs. We show how the radiative Auger process
enables to determine the behaviour of a single-electron
in the QD (energy quantization, relaxation and tunnel-
ing dynamics) using the precise, sensitive and fast tools
of quantum optics. The radiative Auger process only re-
quires significant Coulomb interactions within the trion,
a very general feature. Therefore, this process should be
observable for other quantum emitters in the solid-state.
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III. METHODS
The samples are grown by molecular beam epitaxy.
Sample A contains InGaAs QDs embedded in a p-i-n-i-
n-diode structure28–31. Sample B contains GaAs QDs in
AlGaAs, which are grown by GaAs-infilling of Al-droplet
etched nano-holes16,32. The photon out-coupling is en-
hanced by a distributed Bragg mirror below the QDs.
For both samples, the QDs are placed between a p-doped
top gate and an n-type doped back gate. The QDs are
tunnel-coupled to the back gate. This configuration sta-
bilizes the charge environment of the QDs and enables
tuning the QD charge state by applying a voltage be-
tween top and back gate33,34. For the InGaAs QDs, the
back gate has a distance of 40 nm to the QDs, 30 nm for
the GaAs QDs. In a magnetic field, there is optical spin-
pumping in the center of the trion charge plateau35,36.
Therefore, we perform all experiments at the plateau
edges, where co-tunneling randomizes the electron spin37.
All time-resolved measurements are performed by us-
ing superconducting single-photon detectors. The over-
all timing resolution for the g(2)-measurements is IRF '
35 ps (full width at half maximum). Optical measure-
ments are carried out at 4.2 K in a helium bath cryo-
stat. Resonant excitation of the QDs is performed with a
narrow-bandwidth (∼ 1 MHz) tunable diode laser (Top-
tica DLpro), which is additionally filtered with a home-
built grating setup in order to remove any background
from the gain medium of the laser. Resonance fluores-
cence of individual QDs is measured by suppressing the
reflected laser light with a cross-polarization technique.
IV. MODELING THE MAGNETIC FIELD
DISPERSION
The radiative Auger emission appears on resonantly
exciting the trion. Fig. 4(a) shows a comparison of the
emission spectrum from a neutral exciton and a trion.
The emission spectrum of the neutral exciton (X0) only
shows phonon-related features. A radiative Auger emis-
sion is impossible for the X0 due to the absence of an
Auger electron.
The final states after the optical recombination of the
trion are single-particle states. Therefore, the separa-
tions between the different emission lines are precise
single-particle energies. Shown in Fig. 4(b,c) is the mag-
netic field dispersion of the extracted single-particle ener-
gies for two different QDs. Fig. 4(d,e) shows the single-
particle dispersion for the two QDs shown in the main
text. We measure an s-to-p-splitting of 17.7 meV re-
spectively 21.0 meV on the InGaAs QDs; and 13.8 meV
respectively 17.6 meV on the GaAs QDs. We can de-
termine many further parameters of the single-particle
spectrum by fitting the data to a model which assumes
states of an asymmetric harmonic confinement potential.
The red lines in Fig. 4(b-e) represent the model that is
developed in this section. It reproduces the data very
well.
For a symmetric two-dimensional confinement poten-
tial, the magnetic field dependence of the single-particle
states forms the Fock-Darwin spectrum22,23. The eigen-
ergies En,L depend on two quantum numbers, the ra-
dial quantum number, n, and the angular momentum
quantum number, L21. In this model, the two p-
shells are degenerate at zero magnetic field. This is
clearly not the case in our experiments. To describe
the single-particle dispersions, we therefore assume an
asymmetric harmonic confinement potential of the form
V (x, y) = 12m
∗
e
(
ω2xx
2 + ω2yy
2
)
. When the radial symme-
try is broken, angular momentum is no longer a good
quantum number, and the eigenenergies are Enx,ny =
~ωx
(
nx +
1
2
)
+~ωy
(
ny +
1
2
)
, with the two quantum num-
bers nx and ny. The eigenenergies of such an asymmetric
harmonic confinement as a function of the magnetic field
are given in Ref. 38.
The absolute energies of the emission lines correspond
to the energy differences between the initial state and the
final states. To fit the dispersions of these emission lines,
we compute the energy of the initial trion state as the
sum of its single-particle energies plus the correspond-
ing Coulomb and exchange terms. For the Coulomb
energy terms, we assume a symmetric confinement as
the corresponding energy terms can be easily computed
analytically39–41. Coupling terms admixing higher shells
are not considered in this estimation39,40.
At a magnetic field of B ' 8 T, the p−- and the d+-
shells anticross. This is not a feature of the energy spec-
trum of an asymmetric harmonic oscillator. The anti-
crossing is included by a phenomenological coupling ∆pd
between p−- and d+-shell. We speculate that the cou-
pling between both shells arises due to the deviation from
a harmonic confinement.
When part of the energy is transferred to an LO-
phonon, the corresponding photon energy is given by,
Etrion − Esf − ∆LO. This emission has the same weak
magnetic field dependence as the resonance fluorescence
(s-shell emission).
The results of fitting our model are shown in Fig. 4
and Fig. 2 of the main text. A list of definitions is given
in Tab. IV, and the fit parameters are given in Tab. II.
For all measured QDs, the strong magnetic field disper-
sion of the radiative Auger emission lines is excellently
reproduced by this description.
In the case of the InGaAs QD shown in Fig. 2(a,b)
(main text), we fit the energies of the s-shell emission
and the radiative Auger emission into both p-shells si-
multaneously. The coupling term ∆pd is included as a
fit parameter. The exciton g-factor is measured indepen-
dently by mapping out the charge plateau of the trion
7FIG. 4. (a) Emission spectrum of the InGaAs quantum dot shown in Fig. 2(a) in the main text. The s-to-s transition of the
QD is resonantly excited. The emission is shown for the neutral exciton (blue) and the singly charged trion (red). For better
comparability, the neutral exciton (X0) is shifted in energy such that its resonance fluorescence peak overlaps with the charged
exciton (X1−). In both cases, the resonance fluorescence (at E ' 1.321 eV) dominates. Emission at lower energies is caused
by an energy transfer to either an LO-phonon or an additional carrier via the radiative Auger process. The radiative Auger
process is only possible for the trion, not for the neutral exciton. (b) Single-particle magnetic field dispersion for another
InGaAs QD. To obtain the single-particle energies, the s-shell energy is subtracted from the energies of the radiative Auger
lines. (c) Single-particle magnetic field dispersion for another GaAs QD embedded in AlGaAs. (d) Single-particle energies for
the QD shown in Fig. 2(a) of the main text. (e) Single-particle energies for the QD shown in Fig. 2(c) of the main text.
in a magnetic field. The fit reproduces the data very
well and gives a good description of the radiative Auger
excitation into some of the d-shells. The LO-phonon res-
onance of the radiative Auger excitation into the p-shells
is also excellently reproduced by the fit.
To fit the magnetic field dispersion of the InGaAs QD
shown in Fig. 4(b), we also make a simultaneous fit to the
energies of the s-shell emission and the radiative Auger
emission into both p-shells. The coupling term ∆pd is
not included as there is no hint of an anticrossing with
the d+-shell.
For the GaAs QD shown in Fig. 2(c,d) of the main
text, we again fit the energies of the s-shell emission and
the radiative Auger emission into both p-shells simulta-
neously. The coupling term ∆pd is included as a fit pa-
rameter. The exciton g-factor is measured independently
and not fitted.
For the GaAs QD shown in Fig. 4(c), we again fit the
energies of the s-shell emission and the radiative Auger
emission into both p-shells simultaneously. The exciton
g-factor is fixed to a value typical for GaAs QDs.
When observable, all phonon-related features are de-
scribed using the fit results described above. A constant
phonon energy is used as a single fit parameter.
8label description
~ reduced Planck constant
µB Bohr magneton
0, r permittivity of vacuum, relative permittivity
ge, gh electron and hole g-factor
E0 bandgap of the QD-material
m∗e , m
∗
h electron, hole effective mass
~ωc = ~eBm∗e electron cyclotron energy
~ωx, ~ωy confinement energies of the asymmetric harmonic oscillator
~ω0 ≡ ~ωx + ∆p ≡ ~ωy −∆p confinement energy of the symmetric harmonic oscillator
n,L quantum numbers for the symmetric harmonic oscillator
nx, ny quantum numbers for the asymmetric harmonic oscillator
En,L eigenenergies of the symmetric harmonic oscillator
Eeij , E
h
ij Coulomb energy between two electrons and two holes in the shells i, j
Xeij , X
h
ij exchange Coulomb energy between an electron/hole in the shells i, j
∆pd coupling between p−- and the d+-shell
ΩR Rabi frequency
Γr = τ
−1
r radiative decay rate
ΓA = τ
−1
A radiative Auger decay rate.
Γp = τ
−1
p relaxation rate from p- to s-shell
Γout = τ
−1
out tunnel rate out of the QD after a radiative Auger decay
Γin = τ
−1
in tunnel rate into the ionized QD
E
p±
f , E
d±
f , and E
d0
f final state energies after Auger excitation into p- and d-shells
∆LO,∆TO energies of longitudinal and transverse optical phonon
TABLE I. List of definitions.
E0 (eV) m
∗
e (m0) gh − ge ~ω0 (meV) ∆p (meV) ∆pd (meV) ∆LO (meV) ∆TO (meV)
InGaAs, Fig. 2(b) (main text) 1.3214 0.0712 1.505 17.67 1.26 1.12 36.1 –
GaAs, Fig. 2(d) (main text) 1.5925 0.0757 1.135 13.84 1.90 0.25 36.3 33.5
InGaAs, Fig. 4(b) 1.3152 0.0762 1.968 20.98 1.08 – – –
GaAs, Fig. 4(c) 1.5757 0.0737 1.1 17.59 2.61 1.37 36.5 –
TABLE II. Fit results for the magnetic field dispersion.
V. RADIATIVE AUGER PROCESS: THEORY
To find the multi-particle eigenstates, {Ψn}, of several
carriers in the same QD, we numerically solve the time-
independent Schro¨dinger equation, HˆΨ = E ·Ψ, via exact
diagonalization. The index n is the set of quantum num-
bers required to describe all particles. The Hamiltonian,
Hˆ, of the system is:
Hˆ =
N∑
i=1
[−~2
2m∗i
∆i + V (~x)
]
+ Cˆ. (1)
Cˆ is the Coulomb operator, which is given by:
Cˆ =
1
4pi0r
N∑
i, j, i6=j
ci · cj
|ri − rj | . (2)
The term ci = ±e is the charge of a particle (electron
or hole). As we are considering fermionic particles, the
overall wavefunction is antisymmetric under particle ex-
change. Therefore, we consider Hˆ in a basis of antisym-
metrized Slater determinants:
Ψn = Aˆ
N∏
i=1
φni (xi, σi) . (3)
These Slater determinants are constructed from the
single-particle solutions, φni (xi, σi), of Eq. 1. The
asymmetrization operator, Aˆ, constructs a Slater-
determinant, which is asymmetric under the exchange of
identical particles. To express Hˆ in the basis {Ψn}, the
matrix elements 〈Ψn| Hˆ |Ψm〉 have to be computed. The
Slater-Condon rules42,43 transform these multi-particle
matrix elements into two-particle Coulomb matrix el-
ements. The Slater-Condon rules for the two-particle
9Coulomb operator, Cˆ, are:
〈Ψn| Hˆ |Ψn〉 = 1
2
N∑
i, j, i6=j
[Vijij − Vijji] (4)
〈Ψn| Hˆ |Ψn(h,k)〉 =
N∑
i=1
[Vhiki − Vhiik] (5)
〈Ψn| Hˆ |Ψn(h,k,l,m)〉 = Vhlkm − Vhlmk. (6)
The index n (h, k) indicates that this wavefunction has
been obtained by replacing the single-particle wave-
function φh of particle number h by φk. The index
n (h, k, l,m) means that two wavefunctions are changed
correspondingly. The two-particle Coulomb matrix ele-
ments, Vhklm, are given by the following integral:
Vhklm = 〈φhφk| Cˆ |φlφm〉
≡ e
2
4pi0r
∫ ∫
φh (r1)
∗
φk (r2)
∗
φl (r2)φm (r1)
|r1 − r2| dr1 dr2.
(7)
Depending on the order of the indices, these integrals
include the direct Coulomb and the Coulomb exchange
terms. For a symmetric harmonic confinement potential,
analytic solutions for the Coulomb integrals can be found
e.g. in Refs. 39 and 40.
The eigenfunctions of Eq. 1 are obtained by diagonal-
izing Hˆ in the basis {Ψn}. The trion ground state has a
small admixture of higher single-particle shells, which is
the origin of the radiative Auger process. Upon optical
recombination of one electron and a hole, the remaining
electron of the trion is in a superposition including these
higher shells. Detection of the frequency of the emitted
photon projects the state of the remaining electron to the
corresponding shell. For the trion, it is sufficient to carry
out exact diagonalization for the initial state only since
the final states are single-particle states.
In the dipole approximation, the emission spectrum
can be computed with Fermi’s golden rule44:
I(ω) =
∑
f
|〈Ψ(f)n | Pˆ |Ψ(i)n 〉|2 · δ(Ei − Ef − ~ω), (8)
where Ψ
(i)
n is the initial state, Ψ
(f)
n are the possible fi-
nal states. Pˆ =
∑
hˆi,σ eˆj,−σ adds up all dipole allowed
electron-hole recombinations44.
With the presented formalism, we estimate that the in-
tensity of the radiative Auger transition from s- to the d0-
shell is about hundred times weaker than the resonance
fluorescence. However, this intensity is tendentially over-
estimated compared to the experimentally obtained val-
ues. The issue could be that the exact diagonalization
only converges when taking into account very high single-
particle shells. In reality, not all of these states exist due
to close-by continuum states.
VI. CROSS-CORRELATION: THEORY
The g(2)-measurements are modeled with the level
scheme shown in Fig. 6. There are 4 different states
which are taken into account for our simulation: the
ground state, |g〉, with a single electron in the QD; the
excited state, |e〉, a trion with two s-shell electrons; the
state after a radiative Auger emission, |p〉, where a single
electron occupies the p-shell of the QD; and the ionized
QD-state, |b〉, where the electron has tunneled out of the
QD. We simulate the system by assuming the Hamilto-
nian (~ = 1):
Hˆ =
Ω
2
(|g〉 〈e|+ |e〉 〈g|) . (9)
All decay channels are modeled following the scheme
shown in Fig. 6. The Lindblad operator is:
Lˆ =
√
Γr |g〉 〈e|+
√
ΓA |p〉 〈e|+
√
Γp |g〉 〈p| (10)
+
√
Γout |b〉 〈p|+
√
Γin |g〉 〈b| . (11)
We compute the steady-state density matrix, ρs, and ob-
tain the auto- and cross-correlation by using the Quan-
tum Toolbox in Python (QuTiP45). The operator for the
resonant decay is aˆ =
√
Γr |g〉 〈e|, and the operator for
the radiative Auger decay is aˆA =
√
ΓA |p〉 〈e|. Auto- and
cross-correlations are computed numerically by applying
the quantum regression theorem. The auto-correlation
of the resonance fluorescence is given by:
g(2)(τ) =
〈aˆ†(t)aˆ†(t+ τ)aˆ(t+ τ)aˆ(t)〉
〈aˆ†(t)aˆ(t)〉2 . (12)
The cross-correlation is given by:
g(2)(τ) =
〈aˆ†A(t)aˆ†(t+ τ)aˆ(t+ τ)aˆA(t)〉
〈aˆ†(t)aˆ(t)〉〈aˆ†A(t)aˆA(t)〉
. (13)
The auto-correlation of the radiative Auger emission is:
g(2)(τ) =
〈aˆ†A(t)aˆ†A(t+ τ)aˆA(t+ τ)aˆA(t)〉
〈aˆ†A(t)aˆA(t)〉2
. (14)
We multiply the result of this simulation by 1 + c1 ·
exp (−|τ |/tbl) to take into account a weak blinking on
short time-scales46, which might be caused by electron
spin pumping enabled by a weak nuclear magnetic field47.
Additionally, the model function is multiplied with a
global prefactor c0, which takes into account a weak
blinking on a time-scale of ∼ 0.1 ms, probably caused by
charge noise. For the resonance fluorescence, a small frac-
tion cl of reflected laser in the resonant emission is taken
into account via g(2) → g(2) · (1− cl) + cl. We perform a
simultaneous fit of this model to the auto-correlation of
the resonance fluorescence and the cross-correlation be-
tween the resonance fluorescence and the radiative Auger
emission. The result of this fit is shown in Fig. 5. The
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FIG. 5. Fits to the g(2)-measurements shown in Fig. 3(c) of the main text. Simultaneous fitting of Eqs. 12 and 13 to the
corresponding auto- and cross-correlation data is performed. In the following sub-figures, the black lines correspond to the fit
result. (a) Red line: cross-correlation measurement between resonance fluorescence and the radiative Auger emission where the
second electron is transferred into the p+-shell of the quantum dot. (b) Cross-correlation measurement from (a) on a shorter
time-scale. (c) Blue line: auto-correlation measurement of the resonance fluorescence. (d) Auto-correlation measurement from
(c) on a shorter time-scale.
obtained fit parameters are stated in Tab. III. These pa-
rameters also give a good fit to the auto-correlation of the
radiative Auger emission, which is shown in Fig. 3(f) of
the main text. All fit parameters are kept the same, and
only the Rabi-frequency is increased, taking into account
that the auto-correlation of the radiative Auger emission
has been measured at higher power.
VII. EVALUATION OF CORRELATION
MEASUREMENTS
All g(2)-measurements are performed in a time-tagged,
time-resolved mode. The arrival times of all photons
are recorded over the full integration time, T , on two
single-photon detectors. Any analysis is carried out post-
measurement. We compute the cross-correlation (g(2))
between both signals by counting the coincidence events
between the two detectors as a function of a time delay,
τ , between the signals.
Let x1, x2 be the count rates on detector 1 and 2,
respectively. We divide the full integration time into
time-intervals of length, tbin. The value for tbin is cho-
sen to be small enough such that the probability of a
photon in the corresponding time-interval is very small:
tbin ·x1/2  1. For each detector, we can assign a number
(0 for no photon or 1 for one photon in the interval) to
every interval since the probability of having more than
one photon in the interval is negligibly small. We denote
#c the number of coincidences for a fixed time delay. The
cross-correlation between both detectors is obtained by
dividing #c by its expectation value for the case of two
uncorrelated detection channels: 〈#c〉 = T · tbin · x1 · x2.
This expression for 〈#c〉 is obtained by the following con-
sideration. The probability of finding a 1-event (photon)
in a certain time interval is tbin · x1 and tbin · x2. If both
detection channels are uncorrelated, the probability of
finding a 1-event for the first detector at time t and a 1-
event for the second detector in the time-interval at t+ τ
is pc = t
2
bin · x1 · x2. For T  τ , the probability density
distribution of #c is thus a binomial distribution:
P (#c) =
(
T/tbin
#c
)
· (1− pc)T/tbin−#c · p#cc (15)
The expectation value of this distribution is the corre-
sponding normalization factor: 〈#c〉 = T · tbin · x1 · x2.
VIII. POWER DEPENDENT EXCITATION
We measure the intensity of the radiative Auger emis-
sion as a function of resonant excitation power and laser
detuning. This measurement is shown in Fig. 7. In a
first measurement, we keep the narrow-band laser at fixed
frequency and sweep the detuning between trion transi-
tion and laser by applying a gate voltage, Vg. The gate
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Ω (GHz) Γr (GHz) ΓA (GHz) Γp (GHz) Γout (GHz) Γin (GHz) tbl (ns) c0 c1 cl
1.85 1.22 0.001 11.7 0.82 0.07 7.2 1.143 0.153 0.126
TABLE III. Parameters obtained from simultaneously fitting the auto- and cross-correlation measurements shown in Fig. 5.
The radiative decay rate, Γr, is obtained from a different measurement and is not included in the fit. ΓA is estimated from the
intensity ratio between radiative Auger emission and resonance fluorescence and is also not included in the fit.
FIG. 6. Model used for the simulation of the auto-correlation
measurement of the resonance fluorescence together with the
cross-correlation between the resonance fluorescence and the
radiative Auger emission.
voltage shifts the trion energy via the quantum-confined
Stark effect. The intensity and the energy of the emis-
sion are recorded on a spectrometer. This measurement
is shown in Fig. 7(a). When laser and trion energy are
on resonance, there is a bright emission at ∼ 1.321 eV,
the resonance fluorescence. This emission is spectrally
asymmetric due to the LA-phonon sideband around the
resonant peak. At lower energy, ∼ 17 meV below the
resonance fluorescence, there is the emission correspond-
ing to the radiative Auger excitation into the p-shells.
This emission is strongest when also the resonance fluo-
rescence is at its maximum, indicating that the intensity
of the radiative Auger emission is proportional to the
excited state population of the QD. Our model of the ra-
diative Auger process implies this proportionality since
the process only takes place in the excited state (trion)
of the QD.
To investigate this dependence further, we keep the
laser on resonance with the trion and measure the emis-
sion intensities as a function of power. This measurement
is shown in Fig. 7(b). The power dependence of the reso-
nance fluorescence and the radiative Auger emission fol-
lows the power saturation curve of a two-level system
very well. This result also confirms that the radiative
Auger process is entirely related to the trion. Its rate
is proportional to the trion occupation under resonant
excitation48:
ΓA ∝ ρ22 = 1
2
Ω2R
2Γ2r + Ω
2
R
. (16)
We expect that the ratio of the radiative Auger emis-
sion and resonance fluorescence intensities roughly re-
flects the ratio ΓA/Γr. We estimate values for ΓA to
be on the order of ∼ 1 MHz.
Finally, we measure the linewidth of the radiative
Auger emission. We pass the emission through a Fabry-
Perot cavity (15.2 GHz free spectral range, 0.41 GHz
linewidth) and sweep the cavity length. The result of
this measurement on the p+-emission is shown in Fig.
8(a). We determine the linewidth of the radiative Auger
emission by fitting a multi-Lorentzian which is convo-
luted with the cavity linewidth. At low power, we mea-
sure a minimum linewidth of 4.19 GHz. For comparison,
FIG. 7. (a) Resonance fluorescence and radiative Auger emis-
sion. The excitation laser is fixed (E ' 1.321 meV), and the
QD is swept through the resonance by tuning the gate voltage,
Vg. (b) Dependence of resonance fluorescence and radiative
Auger emission on the power of the resonant laser. For the
power dependence, the laser is kept on resonance with the
trion (X1−). When normalized, the resonance fluorescence
and the radiative Auger emission intensity depend equally on
the excitation power. Both are proportional to the upper
state occupation of a resonantly driven two-level system.
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FIG. 8. (a) Radiative Auger emission at ΩR = 0.73 GHz
transmitted trough a 0.41 GHz Fabry-Perot cavity. (b)
Linewidth of the radiative Auger emission as a function of
the resonant Rabi frequency.
the lifetime limited linewidth is estimated by the decay
rate of the p+-state after the radiative Auger process:
Γr
2pi = 1.99 GHz. We repeat the linewidth measurement
for different excitation Rabi frequencies. This measure-
ment is shown in Fig. 8(b) and shows a linear increase of
the linewidth as a function of the excitation power. The
reason for the additional contribution to the linewidth
and its linear broadening with the excitaion power re-
quires further investigations.
IX. SPIN PUMPING AND RABI
OSCILLATIONS
Fig. 9(a) shows a measurement of the resonance fluo-
rescence of the negative trion as a function of the gate
voltage and the laser wavelength. This measurement is
performed on the QD which is presented in Fig. 1(b)
of the main text. The trion is stable in the gate volt-
age range between Vg = −0.52 V and Vg = −0.48 V.
This charge plateau splits into two due to the electron
spin Zeeman energy. We perform the measurements of
the radiative Auger emission on one Zeeman branch. No
Zeeman splitting is observed in the emission spectrum,
which shows that the radiative Auger process is spin-
conserving. In the centre of the charge plateau, the reso-
nance fluorescence disappears due to optical spin pump-
ing. At the edges of the charge plateau, the resonance
fluorescence is strong due to spin co-tunneling with the
back gate36,37. For this reason, we perform all measure-
ments in the co-tunneling regime.
Fig. 9(b) shows resonantly driven Rabi-oscillations as
a function of the excitation power. The measurement is
performed on the trion state of the same QD. These co-
herent oscillations in the auto-correlation (g(2)) measure-
ment show that the QD can be approximately described
by a two-level system49. However, radiative Auger is a
fundamental process that limits this two-level approxi-
mation in the case of a trion.
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FIG. 9. (a) The charge plateau of the resonantly excited trion at a magnetic field of 0.6 T. This measurement is carried out
on the InGaAs quantum dot (QD) shown in Fig. 1(b) of the main text. At the edges of the charge plateau, a strong resonance
fluorescence is detected. In the plateau center, the resonance fluorescence intensity is strongly reduced due to electron spin
pumping. All radiative Auger measurements are performed at the plateau edges. (b) Power dependent g(2)-measurement on
the negative trion of the same QD.
